Thermopower measurements of molecular junctions have recently gained interest as a characterization technique that supplements the more traditional conductance measurements. Here we investigate the electronic conductance and thermopower of benzenediamine (BDA) and benzenedicarbonitrile (BDCN) connected to gold electrodes using first-principles calculations. We find excellent agreement with experiments for both molecules when exchange-correlation effects are described by the many-body GW approximation. In contrast, results from standard density functional theory (DFT) deviate from experiments by up to two orders of magnitude.
1 Introduction Molecular junctions in which one or several molecules are connected to metallic electrodes represents a unique testbed for our understanding of charge, spin, and heat transport at the nano-scale. Fascinating quantum phenomena such as giant magnetoresistance [1] , Kondo effects [2] , and quantum interference [3] have recently been observed in such systems. In addition, molecular junctions can be seen as model systems allowing for detailed studies of charge transfer and energy level alignment at metal-molecule interfaces [4] of great relevance to e.g. organic electronic devices and dye-sensitized solar cells.
It has recently been proposed that molecular junctions could be used as basis for thermoelectric energy conversion [5, 6] . As a first step towards this goal, several groups have recently reported measurements of the thermopower, S, of molecular junctions [7, 8, 9, 10, 11, 12, 13, 14] . The thermopower enters the dimensionless thermoelectric figure of merit ZT = GS 2 T /κ characterizing the efficiency of a thermoelectric material. Here G is the electronic conductance, T is temperature, and κ is the thermal conductance with contributions from both electrons and phonons. ZT should be large (ZT > 1) in order to achieve efficient energy conversion.
Thermopower measurements are also interesting as a spectroscopic tool as it provides information about the carrier type, i.e. whether the transport is dominated by the highest occupied molecular orbital (HOMO) or the lowest unoccupied molecular orbital (LUMO) [15] . Importantly, this information cannot be deduced from standard currentvoltage characteristics (without a gate electrode).
Previous first-principles calculations of thermopower in molecular junctions have been based on density functional theory (DFT) within the Landauer formalism [16, 17, 18, 14] . While the standard generalized gradient approximation (GGA) to the exchange-correlation functional generally overestimates both thermopower and conductance [16, 18] better agreement with experimental values were reported for certain hybrid functionals with a simplified wide-band approximations. [17] By correcting for DFT-GGA self-interaction errors and image charge effects in a non-self-consistent way within the DFT+Σ approach, good agreement with experiments for both conductance and thermopower values have recently been reported [18, 14] . Such simple correction schemes are attractive since they allow for efficient treatment of relatively large systems. However, their formal justification is limited to weakly coupled molecules. Specifically, chargetransfer screening [19, 20] , inelastic scattering [21] , as well as orbital renormalization [22] are not accounted for by such methods. Moreover, their performance has not yet been benchmarked against more elaborate and fully selfconsistent calculations.We mention that a large number of high-thermopower molecular devices have recently been proposed on the basis of theoretical DFT studies [23, 24, 25, 26, 27, 28, 29, 30] .
It has recently become clear that predictive and quantitatively accurate modeling of electronic energy level alignment and charge transport in metal-molecule junctions must be based on methods that go beyond the single-particle DFT description. The latter (with the standard GGA) significantly underestimates the distance from the molecular energy levels to the metal Fermi energy, in particular for the unoccupied orbitals [31] , and consequently overestimates tunneling through the molecular HOMO-LUMO gap. In contrast, the GW method based on many-body perturbation theory yields excellent quasiparticle energies of both molecules [32, 33] , metals [34] and semiconductors [35, 36] , and drastically improves the description of the electronic structure of metal-molecule interfaces compared to DFT [37, 31] . Very recently, self-consistent GW conductance calculations for simple molecules in idealized junction geometries were shown to be in good agreement with experiments [38, 39] .
In this work we report GW calculations of conductance and thermopower in molecular junctions and perform a systematic assessment of the sensitivity of these quantities on the atomic details of the electrode-molecule interface. Specifically, we consider benzenediamine (BDA) and benzenedicarbonitrile (BDCN) connected to gold electrodes. Conductance measurements for the two molecules have been reported in Refs. [40] and [41] , respectively, while thermopower measurements were reported in Refs. [10] and [8] . We find that the GW results are in good agreement with the measured values for both molecules. While DFT-based results display large discrepancies with experiments, in particular for the BDCN junction, the energy level-corrected DFT+Σ approach yields better agreement with experiments and GW results. Having thus justified the DFT+Σ approach we use this computationally efficient method to investigate the detailed influence of junction geometries. This analysis shows that the DFT+Σ results are relatively robust against variations in the bonding geometry, and that the discrepancies between DFT-GGA and experiments cannot be explained by structural differences in the experiments and calculations.
Methods
We consider molecules connected to a left (L) and right (R) semi-infinite gold electrode, each characterized by chemical potentials µ L,R and temperature T L,R . In the limit of small differences V = (µ L − µ R )/e and ∆T = T L − T R the conductance and thermopower can be obtained from the transmission function
where G r(a) (E) is the retarded (advanced) Green's function, and
describes the level broadening due to coupling to the left and right electrodes expressed in terms of the electrode self-energies
where f (E, µ, T ) is the Fermi-Dirac distribution function at the (average) chemical potential µ and temperature T , the electronic conductance, G, and thermopower, S, are given by
Here we have included the definition of the thermopower, which is the proportionality constant between the temperature difference, ∆T , and the voltage bias, ∆V , needed to balance the electronic current induced by ∆T . If the transmission function is slowly varying the thermopower is approximately given by [15] 
showing that a high thermopower is achieved when the slope of the transmission function is steep.
2.1 DFT We use three different methods to calculate the (retarded) Green's function and electronic transmission. First, we use the standard DFT-NEGF approach,
, where H KS is the effective one-particle Kohn-Sham Hamiltonian expressed in a double-ζ polarized basis of localized atomic orbitals [42] , S is the overlap matrix between the orbitals, and η is a positive infinitesimal. For the DFT calculations we use GPAW [43] , which is an electronic structure code based on the projector-augmented wave method. The calculations are performed with a (4,4,1) k-point sampling and the exchange correlation potential described by the Perdew-Burke-Ernzerhof (PBE) functional [44] .
GW
Second, in order to describe exchange and correlation effects beyond DFT we apply the self-consistent GW approximation, in which the retarded Green's function of the molecule is given by
Here we subtract the PBE exchange-correlation potential, V xc , from the DFT hamiltonian, H KS , and add the GW self-energy Σ GW (E). Since the GW self-energy depends on G r (E) at all energies, Eq. (5), together with the equations for the GW self-energy, need to be solved selfconsistently for all energies, which is a computationally demanding task that at present is only possible for small molecules. The details of the GW-transport method have been described previously in Refs. [45, 38, 39] .
2.3 DFT+Σ It is well known that DFT is unable to accurately describe energy gaps and level alignment of molecules at surfaces [31] . The GW approach greatly improves the description, but at the cost of being computationally very demanding. It is thus desirable of comparing the GW results to a numerically easier method, that allows for systematic studies of many junction structures and larger molecules. One such method is the non-selfconsistent self-energy correction scheme (DFT+Σ) that has recently been shown to predict conductance and thermopower values in good agreement with single-molecule experiments [46, 47, 18, 14] . In this subsection we provide a detailed description of our implementation of the method. In the DFT+Σ approach we initially correct the gas phase HOMO and LUMO energies. This is done by calculating the ionization potential (IP) and electron affinity (EA) from total energy calculation:
where E(0) is the total energy of the neutral molecule, E(+e) is the energy of the molecule with one electron removed (i.e. positively charged), and E(−e) is the total energy of the molecule with one extra electron on it. For the IP and EA gas-phase calculations we use the GPAW code with a real space grid basis [43] . The calculated values are shown in Table 1 . Also shown in the table are the Kohn-Sham HOMO and LUMO energies, obtained from GPAW with a double-ζ polarized basis of localized atomic orbitals [42] . While the real-space basis generally yields more accurate results, the transport calculations need the LCAO basis, and hence we calculate the Kohn-Sham energies with the LCAO basis. We note that the calculated IPs and EAs are in close agreement with experimental values. Also note that traditionally IP and EA are defined as positive for energies below the vacuum level, whereas HOMO and LUMO level positions are negative, if they are below the vacuum level.
When a molecule is brought close to a metallic surface, image charge interactions will change the energy levels resulting in a shift of the occupied levels up in energy and the unoccupied states down in energy [37] . We estimate the image charge corrections following Ref. [46] : (i) From a calculation with the molecule placed in the junction, we obtain a Hamiltonian, H, and overlap matrix, S, describing both molecular and metal atoms. From these matrices we cut out the sub-matrices H mol and S mol spanned only by the LCAO basis functions on the molecular atoms. The eigenenergies, ε i and eigenvectors, ψ (i) for the molecule in the junction are obtained from the equation
We obtain a point charge distribution for a given orbital, i, as
where −e is the electron charge and ψ
ν,α is the coefficient for orbital α at atom ν with position R ν . The image charge energy for a point charge distribution placed between two image planes located at x = 0 and x = L is
where x α is the x-coordinate of atom α and
We use the HOMO charge distributions to estimate the image charge correction, ∆ occ , for all the occupied states and likewise the LUMO charge distribution to obtain the correction ∆ unocc , for all the unoccupied states.
The image charge correction relies on the assumption that screening by the Au electrodes can be described classically as two flat conductors characterized by an image plane. The image plane position can in principle can be calculated for a single flat surface using DFT [48, 14] yielding values of ∼1.5Å outside the last metal layer. The situation is, however, more complicated for a tip structure, and one might expect a reduced screening with the effective image plane further away from the molecule. In order to asses the robustness of the method we consider both z = ±1Å, relative to the closest Au atom.
The resulting shifts of all occupied states is then
and of all the unoccupied states
where ε H and ε L are the Kohn-Sham HOMO and LUMO energies from a gas-phase calculation (measured relative to the vacuum level). The calculated values are shown in Table 1 .
We now obtain a corrected molecular Hamiltonian as
which replaces H mol in the larger matrix H describing the whole junction. From the corrected Hamiltonian we calculate the transmission function as described above.
Results
In all junction structures considered below the molecule (BDA or BDCN) is placed between Au(111) electrodes with either a tip, an adatom or a trimer on the surface. In all structures, the molecule and the outermost Au atoms, including the first Au layers (16 atoms) on each side, have been relaxed until the forces were below 0.05 eV/Å. We use 8 Au layers in total and a (4,4,1) k-point sampling. 2 /h. The dashed purple lines have slopes which would reproduce the experimental thermopower values. In agreement with previous studies we find that the transmission through BDA is HOMO dominated and the transmission at the Fermi level has a negative slope, and hence a positive thermopower in qualitative agreement with experiments. An exception to this is the DFT+Σ (-1Å) with the image planes placed inside the Au tips, which give a slightly positive slope. We also note that both the GW and DFT+Σ results fall within the experimental range of conductances, while the DFT transmission at the Fermi level is a factor 2-3 too high. The DFT-and GW curves are seen to have too large slopes (in absolute values) compared with the experimental situation, whereas the DFT+Σ (+1Å) is seen to have a slope that matches the experiments very well. The calculated conductance and thermopower values are given in Table 2 .
We note that the features in the transmission function around −1.8 eV and 2.5 eV reflect the local density of states at the tip Au atom and are not related to the molecular levels. Since the gold atoms are always treated at DFT level in our calculations, these features appear at the same energies in the GW, DFT and DFT+Σ spectra.
Turning now to the BDCN transmissions (panel d) we observe much larger deviations between the three methods. In agreement with previous calculations [50] , DFT gives a LUMO transmission peak right above the Fermi level. This leads to a conductance more than two orders of magnitude larger than the estimated experimental value [51] . On the other hand, DFT+Σ and GW shift the LUMO to higher energies and therefore yield lower conductances, with in particular the GW result close to the experiment. All three methods predict a negative thermopower (positive slope of T (E F )), but the magnitude is largely different, with the GW curve being closest to the experimental slope -see also Table 2 . We note that the GW LUMO transmission peak around E − E F = 4.0 eV has a significantly lower peak value (∼ 0.05) than the DFT and DFT+Σ peak values of 1. This is due to quasiparticle scattering by electronelectron interaction which reduces the quasiparticle lifetimes at energies E = E F . Mathematically this shows as a finite imaginary part of the GW self-energy which broadens the resonance and lowers the peak height [21] . We also note that GW predicts the LUMO energy to be significantly higher than the DFT+Σ results. The GW LUMO position might be too high in energy due to the finite basis set used in the calculations. However, we have checked that the GW conductance and thermopower are relatively robust against a manual down-shift of the LUMO position. A down shift of the LUMO position by 2 eV leads to a conductance increase by a factor of 4 while the thermopower increases by a factor of 2, and thus remain close to the experimental values.
3.1 Structure dependence: BDA While the transmission functions in Fig. 1 and data in Table 2 scription of the electronic structure compared with ordinary DFT, it cannot at this point be ruled out that the better agreement with experiments is a result of a particular, and maybe incorrect atomic structure. To address this question we have calculated the transmission function at the DFT and DFT+Σ level for four different junction geometries. Since the GW calculations are computationally very demanding we restrict this part of the analysis to the computationally easier DFT and DFT+Σ methods. The transmission functions are shown in Fig. 2 . It is seen that the conductance values, i.e. T (E F ), within each method are largely insensitive to the specific junction geometry, the slope of the transmission functions show a larger variation, which is reflected in the thermopower values. values larger than experiments. For comparison we have also plotted data from Ref. [18] (crosses) for two different geometries calculated with DFT (blue) and DFT+Σ (black). In spite of the (presumably) different geometries and the different DFT codes, the agreement between our data and the data from Ref. [18] is very close. The relatively small variations observed in both conductance and thermopower of BDA for different junction structures is in agreement with previous studies [18] .
3.2 Structure dependence: BDCN While the agreement between DFT+Σ(+1Å) and experiments for BDA is striking, the discrepancies are larger for the BDCN junctions. Again, we consider four different junction structures with DFT and DFT+Σ and plot the conductances and thermopower values in Fig. 4 . The transmission functions calculated with DFT and DFT+Σ are shown in Fig. 5 . The DFT calculations give conductance which are 2-3 orders of magnitudes too high, and thermopowers between 30 and 100 times too high compared with experiments. The DFT+Σ calculations yield conductances, which are larger than experiments by factors 3-200. The largest discrepancy is found for the tilted tip configurations. The high conductance found for this configuration is caused by a much stronger coupling of the LUMO orbital to the Au resulting in a significant broadening of the LUMO transmission peak as seen in Fig. 5 . The stronger coupling of the LUMO with the Au can be understood from the symmetries of the LUMO and the gold s-states. In the linear tip configuration, the LUMO, which has π-character, couples very weakly to the Au s−orbitals due to different symmetries. In the tilted tip configuration there is no such symmetry mismatch and the LUMO hybridizes much stronger with the Au. However, the tilted tip configuration is also energetically much less favorable than the linear tip configuration. Excluding this geometry, the DFT+Σ conductances are within an order of magnitude from the experimental value. The thermopower from DFT+Σ are (numerically) an order of magnitude larger than the experimental value.
For the BDCN tip geometry, the GW calculations are in very good agreement with the experiments: The conductance is only 25% lower than the experimental value and the thermopower is larger by a factor of 7. While the very close agreement between GW and experimental conductances might be coincidental for the specific geometry, there is no doubt that a description of exchange and correlation effect beyond semi-local DFT is crucial for the BDCN junciton. 
Stretching simulation of BDA junction
As an additional investigation of the influence of contact geometry we have simulated a stretching experiments for BDA between two Au tips. Initially, the tips are close together with the molecule in a relaxed configuration in between them as shown in Fig. 6 (top left) . We have subsequently opened the junction in steps of 0.25Å. In each step we relax the atomic coordinates for the molecule and Au tip atoms including the first Au layer in the electrodes. When the forces are below 0.05 eV/Å the right electrode is again shifted by 0.25Å and a new relaxation is performed. For each of the relaxed geometries we subsequently calculate the conductance and thermopower with DFT and DFT+Σ. Figure 6 shows the conductance, thermopower, and change in total energy vs. electrode separation. In the top we include snap shot images of the structure at z = 0, 1, 2, 3, 4Å. Starting from a configuration, where the molecule is tilted at an angle ∼ 45
• , the molecule is turning to a more linear configuration, when the junction is stretched. The most stable configuration is found at z = 2.0Å. The bond between the molecule and right Au tip starts to break around z ≈ 3Å where the Au-N distance at the right contact starts to increase whereas the left Au-N distance does not. The bond breaking is also seen in the conductance values which start to decrease exponentially around z ≈ 3Å. Both the DFT and DFT+Σ conductances are remarkably stable in the first half of the stretching simulation. Except for z = 0.0Å the conductances are constant up to z = 2.0Å while the thermopower show only a slight decrease.
The stretching simulation indicate that the conductance and thermopower are rather insensitive to the exact electrode-electrode separation. Together with the results in Figs. 3 and 2 we therefor conclude that the DFT+Σ results for the conductance and thermopower are reliable, and Figure 6 Stretching simulation. Conductance G and thermopower S, calculated with DFT (blue dots) and DFT+Σ (black squares) as function of electrode-electrode separation, z. The bottom panel show the change in total energy ∆E tot , relative to the final configuration. The zeropoint of z is arbitrarily set at the initial configuration. In the top we show snap shot images of the geometries at z = 0, 1 . . . , 4Å. The dashed purple lines indicate the experimental conductance and thermopower values. the close agreement with experiments is not a result of a particular atomic geometry. The close agreement with GW calculations further support DFT+Σ as a viable method for predicting the conductance and thermopower of molecular junctions, at least within an order of magnitude.
Discussion and Conclusion
Concerning the image plane position in the DFT+Σ approach, we note that the +1Å position gives the best agreement with experiments for BDA, but the opposite is true for BDCN where the -1Å position gives results closer to experimental values. Although the variations with respect to image plane position are rather small, the deviating results may indicate limitations in the DFT+Σ approach due to the classical description of the image charge energy.
In our calculations we have neglected the effect of electron-phonon (el-ph) interactions. For non-resonant transport, as in our case, el-ph interactions only affect the electronic current by few percents in atomic junctions, [52] although exceptions may occur when levels are quasi degenerate [53] or in molecules with large torsion angles between separate π-systems [28] . These exceptions are not relevant for the considered BDA or BDCN junctions. Even though the conductance is only weakly affected by el-ph interactions, the effect on the thermopower might be larger but still expectedly within 10-20%. [28] We expect that elph interactions will only lead to small quantitative changes of the calculated thermopower values and we expect all our conclusions to still be valid.
In conclusion, we have calculated the electronic conductance and thermopower for BDA and BDCN singlemolecule junctions. With the electronic exchange and correlation effects described by the self-consistent GW approximation we find good agreement with experimental results for both molecules. While DFT (GGA) calculated conductances and thermopowers for different BDA junctions agree with experimental results within a factor of 5, there are much larger discrepancies for the BDCN junction where the DFT results differ from the experiments by two orders of magnitude. A simple correction to the DFT Hamiltonian (DFT+Σ) improves the results for both BDA and BDCN. By considering various junction geometries we find that our results are robust against small structural changes. Our results demonstrate that a proper treatment of exchange-correlation effects is important when modeling electronic and thermoelectric properties of molecular junctions.
